The results of various searches for new physical phenomena beyond the Standard Model using data from the four LEP experiments are summarized. Topics presented include the search for flavour-changing neutral currents with single top production, compositeness leading to the production of excited leptons, and manifestations of extra dimensions.
Introduction
The Standard Model (SM) works extremely well so far, yet it is believed to be only a low-energy effective theory and new physics beyond the SM is expected to appear. Some of the motivations for looking beyond the SM are neutrino oscillations, the problems related to the unification of forces (hierarchy problem), and the origin of the mass hierarchy. Theoretical prejudices vary a lot, but indicate, in some cases, that the new scale could be as low as 1 TeV. New phenomena could therefore have been accessible with the Large Electron Positron Collider at CERN. LEP was stopped at the end of 2000, after reaching √ s = 209 GeV, and will be replaced by the Large Hadron Collider (LHC) in 2007. The four LEP experiments, ALEPH, DELPHI, L3, and OPAL, have collected almost 2.4 fb −1 of data at the highest LEP2 energies (above 182 GeV). Here several searches for new exotic phenomena will be presented, namely the searches for single top production in Section 2, excited leptons in Section 3, and extra dimensions in Section 4. Many of the final results have been available since some time, but in a few cases the experiments have not yet produced the analysis of the full data sets (in particular the higher energy data) because of lack of manpower, or they are just finalizing the results. A LEP working group was set up to combine the results of the four experiments and obtain the best limits in the search for exotic phenomena. Two combinations were performed in 2001 often using preliminary data 1 . A combination of the limits on extra dimensions has been produced recently 1 .
Flavor Changing Neutral Currents (FCNC) are absent in the SM at the tree level and severely suppressed even at the one-loop level. For example, at LEP2 energies the production of a single top quark, e + e − → tc + c.c. (tū + c.c.), is present at the one-loop level in the SM, but the cross-section is expected to be only O(10 −9 fb). The SM process is therefore totally invisible and single t production can be used as a probe for new physics. FCNC can also be searched for at HERA via single t production, ep → etX, and at the Tevatron via rare top decay, t → Z(γ) c(u), since the one-loop level BR[t → (Z,g,γ) + c(u)] is predicted to be < 10 −10 in the SM. Several extensions of the SM predict enhancements of the single t production cross-sections or larger BRs. FCNC t production and decay can be expressed in terms of anomalous couplings κ γ and κ Z , 2 with a scale assumed to be equal to m t . Events of the type e + e − → t[→ b W(→ qq, lν l )]c orū) have been searched for using b-tag and kinematic variables. No excess was found over the SM background and exclusion limits were derived for the production cross-sections. All experiments have now produced final results 3,4,5,6 . 
Excited leptons
The existence of three families of quarks and leptons is a strong motivation to look for substructure. In composite models 7 , quarks, leptons and gauge bosons are composite with an associated energy scale, Λ. At s << Λ 2 there could be manifestations of these subconstituents through anomalous decay modes, anomalous electric and magnetic multipoles, excited fermions, leptoquarks and contact terms. For example, excited leptons would decay promptly emitting a gauge boson, γ, W or Z, and an ordinary lepton of the same family. The possible processes are l * → lγ, νW, lZ; ν * → νγ, lW, νZ. BR, topologies and efficiencies depend on the relative a The experiments at HERA are mostly sensitive to κtuγ , since Z exchange is suppressed owing to the large Z mass and because t is produced at large x. The difference in the ZEUS exclusion limit in Fig. 1 left and middle is due to a factor of √ 2 difference in the Lagrangian used at LEP and HERA: the correct one, from the LEP point of view, is the one in Fig. 1 left. strengths, f and f ′ , of the weights multiplying the SM couplings. For instance, if f = f ′ , ν * → νγ is forbidden; if f = -f ′ , l * → lγ is forbidden. At LEP two classes of processes were investigated: pair production, e + e − → l * l * , ν * ν * , with a discovery limit m * ∼ √ s/2; single production, e + e − → l * l, ν * ν, with a discovery limit m * ∼ √ s. The single production cross-sections depend on the ratios f,f ′ /Λ and on m l * . For excited electrons a limit beyond √ s can also be obtained by looking at the reaction e + e − → γγ, which is sensitive to virtual e * exchange in the t-channel in addition to the SM contribution. 8 L3 9 and OPAL 10 have published results up to the highest energies, while DELPHI results are still preliminary 11 . A preliminary combination of DELPHI and OPAL data was performed in 2001 1 , and a new one should be available soon. No excess above the SM background was observed and upper limits for the single production cross sections and the f,f ′ couplings divided by the compositess scale were derived assuming a model with an excited doublet with L,R components (pair production allows excited leptons with masses below 95-103 GeV to be excluded, for any coupling). For masses below 200 GeV they will remain the best limits for some time, until HERA exceeds an integrated luminosity of ∼ 1 fb −1 . In addition, HERA can search only for e * and ν * e . 
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Search for extra dimensions
As m ew << m P l , unification of gravity with other forces could only take place at extremely high energies, well out of the reach of particle accelerators. Various solutions of the hierarchy problem have been proposed, which involve the existence of extra spatial dimensions (large ED, warped ED, etc.). These solutions can be tested at present accelerators and at the LHC.
Large extra dimensions
The ADD model 13 assumes a D dimensional space-time, with D = 3+n+1, n being the extra space dimensions: SM fields live in a 3-dimensional rigid brane, whilst gravity is allowed propagate in the bulk, thus becoming diluted in the big extra space. If the n extra dimensions are compactified on a torus (flat ED), one has m 2 P l ∼ R n M n+2 D , with M D the D-dimensional Planck mass, and if M D is ∼ 1 TeV, thus eliminating the hierarchy problem, the compactification radius would be R = 0.3 mm, 10 pm, 30 fm for n-dim = 2, 4, 6, respectively. The bulk graviton is expanded in a Kaluza-Klein tower of massive states, with ∆m ∼ 1/R, forming almost a continuous spectrum and being weakly coupled. At LEP one can look for i) graviton emission in e + e − → γG, i.e. γ+missing energy, ii) graviton exchange in boson and fermion pair production, e + e − → γγ, WW, ZZ, ff. Experimentally, n=1 is excluded by the behaviour of Newton's law at solar system scales. Contrary to ew and strong forces, which have been tested down to ∼ (100 GeV/c) −1 ∼ 10 −15 mm, gravity so far has been tested down only to the 0.1 mm scale, whilst improved experiments could decrease this limit by an order of magnitude. Limits on ED for n = 2 can also be derived from astrophysical and cosmological arguments 14 , but tend to be less constraining for larger n.
i) Graviton emission. The angular distribution for e + e − → γG is peaked at small E γ and θ γ , and one of the principal SM backgrounds is e + e − → ννγ. The combination of the DELPHI and L3 single γ energy spectrum is shown in Fig. 3 
Search for branons
If the brane is permitted to vibrate (instead of being rigid as in the ADD model), there will be brane fluctuations along the ED, and associated new pseudoscalar particles (branons,π) will appear. Branons could be dark matter candidates in low-tension brane worlds 16 . The search at LEP was performed by L3, 17 complementing the search for G emission. In fact, if f (the brane tension) >> M F (the gravity scale), then G is accessible first; if f ≪ M F , then one should look forπ produced in pairs, e + e − →ππγ orππZ, looking at events with photons/jets and missing energy. Since no excess is observed above the SM background, L3 sets a limit M > 103 GeV at 95% CL on the branon mass for an elastic brane (f→0), and f > 180 GeV (M=0) 17 .
Search for the radion
In the Randall-Sundrum (RS) model 18 there are two branes: the SM is confined on one brane and gravity is concentrated on the other. One extra dimension with a "warped" geometry is allowed to fluctuate, resulting in a massive scalar, the radion, in addition to massless (gravitons) and massive (accessible at future colliders) spin-two excitations. Gravity in the RS model is weak because it is exponentially damped by the distance between the branes. The radion has the same quantum numbers as the Higgs (but the radion can couple directly to gluons), and Higgs-radion mixing is possible. OPAL 19 has looked at the "Higgs/radion-strahlung" process, e + e − → Z + h/r, reusing three searches for the Higgs boson. The excluded RS parameter space is obtained by a parameter scan (m r , m h , Λ W ∼ 1 TeV, mass scale on the SM brane, ξ, mixing parameter). For ξ = 0 the SM Higgs mass limit is reobtained, for ξ = 0 the mass limit is generally lower and decreases with decreasing Λ W . For all ξ, m r , Λ W ≥ 246 GeV, OPAL obtains m h > 58 GeV at 95% CL, 19 the analyses losing their sensitivity for Λ W ≃ 0.8 TeV.
Conclusions
No evidence for single top production, excited leptons, or extra dimensions was found at LEP2 and exclusion limits were set. In many cases these results, four years after the LEP shut down, are still competitive with the new analyses produced at HERA and at the Tevatron.
